Chronic smoking in alcohol dependence is associated with abnormalities in brain morphology and metabolite levels in large lobar regions (e.g. frontal lobe). Here, we evaluated if these abnormalities are specifically apparent in several cortical and select subcortical components of the extended brain reward system (BRS), a network that is critically involved in the development and maintenance of all forms of addictive disorders. We studied 33 non-smoking and 43 smoking alcohol-dependent individuals (ALC) with 1 week of abstinence and 42 non-smoking Controls. At 1.5 Tesla, we obtained regional measures of cortical thickness and N-acetylaspartate (NAA; a surrogate marker of neuronal integrity) concentration in major components of the BRS as well as the corresponding measures throughout the cortex. Smoking ALC and non-smoking ALC demonstrated decreased thickness compared with Controls in the dorsolateral prefrontal cortex (DLPFC), insula, orbitofrontal cortex (OFC), the total BRS, total frontal cortex and global cortex. Smoking ALC had significantly decreased thickness compared to non-smoking ALC in the ACC, insula, the total BRS and total frontal cortex. Smoking ALC had also lower NAA concentrations than both non-smoking ALC and Controls in the DLPFC, insula, superior corona radiata and the total BRS. Alcohol consumption and common medical and psychiatric co-morbidities did not mediate differences between smoking and non-smoking ALC. This dual modality magnetic resonance (MR) study indicated that chronic smoking in ALC was associated with significant cortical thinning and NAA abnormalities in anterior brain regions that are implicated in the development and maintenance of addictive disorders.
INTRODUCTION
Accumulating evidence from clinical neuroscience research strongly suggests that neurobiological abnormalities of the extended brain reward system (BRS) are implicated in the development and maintenance of all forms of addictive disorders (Baler & Volkow 2006; Kalivas & O'Brien 2008; Makris et al. 2008b; Koob & Volkow 2010; Volkow et al. 2011) . The BRS is a collection of discrete and overlapping cortical-cortical and corticalsubcortical circuits that interact to form the biological substrate for reward/saliency, motivation/drive, conditioning/habits and inhibitory control/executive functions (Volkow et al. , 2011 Potenza et al. 2011) . Recent human in vivo neuro-imaging methods have begun to identify morphological and biochemical abnormalities localized within the BRS of those with alcohol use disorders (AUD) and other addictive disorders (Volkow et al. 2008; Wrase et al. 2008; Makris et al. 2008a,b; Rando et al. 2011; Durazzo et al. 2010c ).
The orbitofrontal cortex (OFC), dorsal prefrontal cortex (DLPFC), anterior cingulate cortex (ACC) and insula are major cortical components of the BRS (Kalivas & Volkow 2005; Baler & Volkow 2006; Makris et al. 2008b) , and subcortical components include the cerebellar vermis and corona radiata (Durazzo et al. 2010c) . The cortical components of the BRS, and their afferent and/or reciprocal connections with subcortical nuclei and other cortical regions, subserve the following reward-related processes and behaviors: OFC and insula: integration of interoceptive information, evaluation of stimulus saliency and representation of reward magnitude (Fellows 2007; Paulus 2007; Rolls & Grabenhorst 2008) ; OFC and ACC: self-monitoring, regulation of emotional and affective tone and behavior (Bush, Luu & Posner 2000; Bush et al. 2002; Kringelbach & Rolls 2004; Rolls 2004) ; DLPFC: adjustment of goal-directed activity based on current environmental contingencies and anticipated future consequences (Mega & Cummings 1994; Eslinger, Grattan & Geder 1995; Petrides 2005) . It is important to consider that while each of these cortical regions is involved in unique aspects of reward-related processes, emotion and neurocognition (Cummings 1998; Baxter et al. 2008; Rudebeck et al. 2008; Buckley et al. 2009) , there is considerable overlap and redundancy in their contributions to these functions. This highlights that neurocognition, emotion and behavior as the result of dynamic interactions among multiple reciprocally interconnected brain regions (Gazzaley & D'Esposito 2007) . Collectively, these neocortical and paralimbic regions are critical for the integration of interoceptive and external information. Their interconnectivity with the striatum and limbic system enables the 'top-down' inhibitory control of affect, cognition and behavioral responses through modulation of activity in the striatum and limbic system (Baler & Volkow 2006; Crews & Boettiger 2009; Gazzaley & D'Esposito 2007; Kalivas 2009; Volkow et al. 2010; Potenza et al. 2011) . Although the cerebellum and corona radiata are not traditional components of the extended BRS, there is a clear justification for their inclusion in this network. The cerebellum is involved in aspects of learning and memory, working memory, executive skills and reward processing (Martin-Solch et al. 2001; Sullivan 2003; Sullivan et al. 2003; Anderson et al. 2006; Olbrich et al. 2006; Paul et al. 2007) . The corona radiata is white matter (WM) comprised of projection fibers (e.g. corticothalamic, corticostriatal, corticopontine) and afferents from subcortical gray matter (GM) that link frontal, parietal and temporal cortical regions with subcortical nuclei involved in executive skills, impulse control, emotional regulation and reward processing (Mega & Cummings 1994; Cummings 1995 Cummings , 1998 Makris et al. 1999; Saint-Cyr 2003; ; Aralasmak et al. 2006 Schmahmann et al. 2007 . Thus, the above regions and their interconnectivity with other cortical and subcortical nuclei/regions (e.g. ventral and dorsal striatum, dorsomedial thalamus) form independent and overlapping circuits that constitute the neurobiological substrate that enables adaptive and appropriate goal-related behavior based on drives, motivations, emotions, current environmental contingencies and consequences of previous behavior.
It is well established that the layered cortical cellular architecture demonstrates a modular or columnar organization, which is oriented perpendicular to the cortical surface (Innocenti & Vercelli 2010) . Cortical thickness is related to the number or density of cells in a column (Rakic 1988) and is associated with neurocognition in healthy controls (Walhovd et al. 2006; Choi et al. 2008; Dickerson et al. 2008 ) and cocaine abusers (Makris et al. 2008a) . Cortical thickness appears to represent a metric that is genetically and phenotypically distinct from cortical surface area and volume (Panizzon et al. 2009; Kremen et al. 2010; Winkler et al. 2010) and is suggested to serve as a proxy marker of the integrity of cortical cytoarchitecture (Makris et al. 2007 ). Cortical thickness is reputed to be more sensitive to neurodegenerative processes than cortical volumes (Hutton et al. 2009) , and its application to addictive disorders may increases the ability to detect more subtle alcohol/substancerelated morphological abnormalities. N-acetylaspartate (NAA) is considered to be a surrogate marker of neuronal integrity (VionDury et al. 1994; Sullivan 2000) , with decreased concentrations related to neuronal loss, atrophied dendrites, reduced dendritic spine density, axonal injury or derangements of neurometabolism (De Stefano, Matthews & Arnold 1995; Hugg et al. 1996; Schuff et al. 2001; Baslow & Guilfoyle 2007) . Significantly decreased NAA concentrations are observed in multiple brain regions of those with AUD as well as chronic cigarette smokers Durazzo, Meyerhoff & Nixon 2010b) . Higher regional NAA level is also associated with better neurocognition in various neurodegenerative diseases, AUD and normal controls (Jung et al. 1999; Schuff et al. 2006; ).
The adverse consequences of AUD on neurobiology and neurocognition are well documented Rourke & Grant 2009) . It is widely recognized that pre-morbid and/or co-morbid participant characteristics can promote considerable variability in the pattern and magnitude of neurobiological and neurocognitive abnormalities demonstrated in AUD Durazzo et al. 2008) . Chronic cigarette smoking is most common comorbidity in AUD, with a prevalence of approximately 60 to 90 percent (Room 2004; , and is associated with multiple neurobiological abnormalities, particularly in anterior brain regions Durazzo et al. 2010b) . In previous magnetic resonance neuro-imaging studies, we found that treatment-seeking alcohol-dependent individuals (ALC), in the early phase of abstinence, demonstrated significantly lower frontal, temporal and medial temporal lobe volumes (Gazdzinski, Durazzo & Meyerhoff 2005a; Cardenas et al. 2007; Gazdzinski et al. 2008) and abnormal metabolite concentrations in the frontal and parietal lobes (Durazzo et al. 2004 (Durazzo et al. , 2006 relative to controls. In these studies, smoking ALC consistently demonstrated the greatest abnormalities as well as diminished recovery relative to nonsmoking ALC. Therefore, chronic smoking appears to contribute to the considerable heterogeneity observed in the pattern and magnitude of neurobiological abnormalities observed in AUD. However, these proton magnetic resonance imaging (MRI) and spectroscopic imaging ( 1 H MRSI) studies examined brain volumes and metabolite levels at the lobar level (e.g. total frontal GM, total frontal WM). The extent to which the greater volume and metabolite abnormalities are also apparent in the BRS of these smoking ALC is unknown.
Accordingly, the goal of this study was to interrogate the integrity of cortical and subcortical components of the BRS involved in 'top-down' inhibitory control/ executive functions in smoking and non-smoking ALC near the inception of treatment, by comparing these groups with non-smoking, light-drinking controls on measures of regional cortical thickness and NAA concentration. The dual MR modalities applied in this study enabled concurrent assessment of the macrostructural and neuronal integrity of multiple BRS components. To our knowledge, previous AUD research has not reported concurrent measurements of regional cerebral cortical thickness and NAA concentration. We predicted that: (1) smoking ALC demonstrate lower NAA levels and thinner cortices in the BRS than both non-smoking ALC and controls; and (2) the reductions of cortical thickness and NAA levels in smoking ALC are of greater magnitude in the BRS than in the frontal cortex and the global cerebral cortex.
MATERIALS AND METHODS

Participants
Data from 76 outpatient participants (four females) obtained from a larger cohort recruited from the VA Medical Center Substance Abuse Day Hospital and the Kaiser Permanente Chemical Dependence Recovery Program in San Francisco were used in analyses. All participants provided written informed consent prior to study according to the Declaration of Helsinki and underwent procedures that were approved by the University of California San Francisco and the San Francisco VA Medical Center. All treatment-seeking participants met the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, Text Revision (DSM-IV) criteria for alcohol dependence (97% with physiological dependence) at study enrollment. Primary inclusion criteria for the alcohol-dependent participants were fluency in English, DSM-IV diagnosis of alcohol dependence or alcohol abuse at the time of enrollment, consumption of greater than 150 standard alcohol-containing drinks (i.e. 13.6 g of ethanol per drink) per month for at least 8 years prior to enrollment for men, or consumption of greater than 80 drinks per month for at least 6 years prior to enrollment for women. The alcohol-dependent participants were actively involved in stabilization/early recovery outpatient treatment at the time of the baseline assessment. Light-drinking, non-smoking controls (Controls; n = 42; five females) were recruited from the local community and had no history of any DSM-IV Axis I disorder or biomedical conditions know or suspected to adversely influence brain neurobiology. Participants were between 28 and 66 years of age. In the Control cohort, 79% of Controls were Caucasian, 7% African American and Asian, 5% Latino and 3% Pacific Islander. In the ALC cohort, 75% were Caucasian, 12% African American, 7% Latino, 3% Native American and 3% Pacific Islander. Controls and ALC did not differ significantly on frequency of ethnicity. See Table 1 for group demographic data.
Exclusion criteria for all ALC participants were history of the following: dependence on any substance other than alcohol or nicotine in the 5 years immediately prior to enrollment, any intravenous drug use in the 5 years immediately prior to enrollment in the study, current opioid agonist therapy, intrinsic cerebral masses, HIV/ AIDS, cerebrovascular accident, brain aneurysm, arteriovenous malformations, peripheral vascular disease, myocardial infarction, uncontrolled chronic hypertension (systolic > 180 mmHg and/or diastolic > 120 mmHg), type-1 diabetes or insulin-dependent conditions, moderate or severe chronic obstructive pulmonary disease, non-alcohol-related seizures, significant exposure to known neurotoxins (e.g. toluene, carbon tetra-chloride), demyelinating and neurodegenerative diseases, clinically documented Wernicke-Korsakoff syndrome, alcohol-induced persisting dementia, penetrating head trauma and closed head injury resulting in documented loss of consciousness for more than 10 minutes. Exclusion criteria also included history of schizophrenia-spectrum disorders, bipolar disorder, dissociative disorders, post-traumatic stress disorder, obsessive-compulsive disorder, panic disorder (with or without agoraphobia) and major depression with mood-incongruent psychotic symptoms. Hepatitis C, type-2 diabetes, hypertension, unipolar mood disorder (major depression and/or substance-induced mood disorder) were permitted in the ALC cohort given their high prevalence in AUD (Parekh & Klag 2001; Mertens et al. 2003 Mertens et al. , 2005 Stinson et al. 2005; Hasin et al. 2007 ). Participants were urinetested for illicit substances before all assessments (i.e. cannabinoids, opiates, phencyclidine, cocaine and amphetamines), and no participant tested positive for any of these substances.
Baseline assessment
For ALC, clinical and MR procedures were conducted approximately 7 ± 4 days after their last alcoholic drink. Structural MRI data were obtained from 42 Controls, 33 non-smoking ALC and 43 smoking ALC. Quantitative 1 H MRSI data were obtained in a subset of 33 Controls, 25 non-smoking ALC and 36 smoking ALC. In the smaller 1 H MRSI sample, 96% of participants had complete structural MRI data.
Clinical measures-Participants completed the Structured Clinical Interview for DSM-IV Axis I Disorders, Version 2.0 (SCID-I/P (First et al. 1998 ) and semi-structured interviews for lifetime alcohol consumption [Lifetime Drinking History; (Sobell et al. 1988; Sobell & Sobell 1992) ] and substance use (in-house questionnaire assessing substance type, and quantity and frequency of use)]. From the Lifetime Drinking History, average number of alcoholic drinks per month over 1 year prior to enrollment, average number of drinks per month over lifetime, lifetime years of regular drinking (i.e. years in which the participant consumed at least one alcoholic drink per month), age of onset and duration of heavy drinking (i.e. drinking more than 100 drinks per month in males and 80 drinks per month in females) were calculated. Pre-morbid verbal intelligence was estimated with the American National Adult Reading Test [AMNART (Grober & Sliwinski 1991) ]. Participants also completed standardized questionnaires assessing depressive [Beck Depression Inventory, BDI (Beck 1978) ], and anxiety symptomatology [(State-Trait Anxiety Inventory, form Y-2, STAI (Spielberger et al. 1977) ], and nicotine dependence via the Fagerstrom Tolerance Test for Nicotine Dependence (Fagerstrom, Heatherton & Kozlowski 1991) . These measures were typically completed within 1 day of the MR procedures.
Magnetic resonance acquisition and analyses
Image acquisition
Structural imaging: A volumetric magnetization-prepared rapid gradient echo was acquired with repetition time (TR)/echo time (TE)/inversion time (TI) = 9.7/4/300 ms, 15°f lip angle, 1×1 mm 2 in-plane resolution and 1.5-mm-thick coronal partitions oriented perpendicular to the main long axes of bilateral hippocampi as seen on sagittal scout MRI. Additionally, a double spinecho sequence TR/TE/TI = 2500/20/80 ms with 1×1 mm 2 inplane resolution and 50 contiguous 3.0-mm-thick axial slices was also acquired. See Gazdzinski and colleagues (Gazdzinski et al. 2005b) for detailed information on the MR acquisition methods.
lipid inversion to suppress intense lipid signal. Absolute quantitation for NAA and other metabolites was completed. The three 15-mm-thick slices of the 1 H MRSI data set were spatially aligned to the double spin-echo sequence and covered supraventricular, subcortical GM and WM regions and the superior half of the cerebellum (including the vermis) in the axial plane. The field-of-view and number of phase encoding steps were chosen to yield spectra of nominal voxel size of 0.8 × 0.8 × 1.5 cm 3 or approximately 1 ml. See Meyerhoff and colleagues for details on MRSI data acquisition.
Image processing
Freesurfer: The publicly available Freesurfer (v4.5) volumetric segmentation and cortical surface reconstruction methods Fischl & Dale 2000; Fischl et al. 2004 ) were used to obtain regional measures of cortical thickness in millimeters. Spatial normalization to a template cortical surface allowed automatic parcellation of the cortical surfaces into 34 anatomical regions of interest (ROI) per hemisphere, and thickness measures were obtained for all 34 bilateral ROIs (see Fischl & Dale 2000 for method reliability and Fischl et al. 2004 for technical details). The anatomically labeled Freesurfer regions that were used to form the BRS ROIs were as follows: ACC-rostral and caudal; dorsal/DLPFC-rostral and caudal middle frontal and superior frontal gyri; OFC-medial and lateral; insula-standard Freesurfer label. For the ACC, DLPFC and OFC, an average thickness was calculated from the individual anatomical labels that constituted each region. There were no significant within-group-differences for hemisphere (i.e. no significant lateralization); therefore, thickness values for bilateral regions were combined and an average calculated for each BRS ROI. Average thickness measures were also computed for the total BRS, the total frontal cortex and for all cortical regions to obtain a measure of global cerebral cortical thickness.
H MRSI:
The metabolite concentration maps of the three 1 H MRSI slices with a zero-filled 64 × 64 digital resolution were displayed together with the corresponding co-aligned brain anatomy as seen on a proton density-weighted MRI using SITOOLS (Soher et al. 1998 ), a program that has been extensively used to process 1 H MRSI data in our laboratory (e.g. Durazzo et al. 2004 Durazzo et al. , 2006 Meyerhoff et al. 2004) . For detailed information on criteria used to evaluate spectral quality, see Wiedermann et al. (2001) and Meyerhoff et al. (2004) . The BRS ROIs for which average metabolite concentrations were calculated from spectral data were the ACC, DLPFC, insula, cerebellar vermis, superior corona radiata (SCR) of the frontal WM. The OFC did not yield a sufficient number of spectra of acceptable quality to be included in analyses. See Durazzo and colleagues (Durazzo et al. 2010c) for details regarding the parcellation of the ACC, DLPFC, cerebellar vermis and SCR. Approximately 10 cases were randomly chosen from each region of this data set and independently parcellated by a technician who was trained in the procedure. The agreement of labeling of the boundaries across regions was greater than 97%. The DLPFC, ACC, insula and vermis voxels contained greater than 45%, 40%, 40% and 50% GM, respectively. The SCR contained only voxels with more than 70% WM. See Durazzo and colleagues (Durazzo et al. 2010c) for details regarding the tissue contributions (i.e. GM, WM and cerebrospinal fluid) for each 1 H MRSI voxel and for spatial positioning of 1 H MRSI slices. For examples of representative spectra, see Meyerhoff and colleagues ).
The number of voxels used to calculate the average metabolite concentrations in each of the BRS ROIs was not significantly different among smoking ALC, nonsmoking ALC and Controls. There were no within group metabolite concentration differences for the left and right hemispheres, so the metabolite concentrations for ROIs were based on bilateral averages. Average NAA concentration was also separately calculated for the total BRS and for cortical GM from the frontal, parietal and temporal lobes. There were an insufficient number of spectra passing quality control from GM of the occipital lobe to be included in data analyses. Finally, a 'global' measure of cortical NAA was computed by averaging the lobar NAA concentration from frontal, parietal and temporal cortical GM.
Data analyses
Separate multivariate analysis of covariance (MANCO-VAs) were used to examine for group differences among the seven cortical thickness measures (ACC, DLPFC, OFC, insula, total BRS, total frontal cortex and global cortex) and eight NAA measures (ACC, DLPFC, insula, SCR, cerebellar vermis, total BRS, total frontal cortex and global cortex). MANCOVAs were controlled for age, intracranial volume (ICV) and body mass index, given their potential associations with cortical thickness and/or NAA concentration (Kochunov et al. 2007 Im et al. 2008; Haga et al. 2009; Hutton et al. 2009; Gazdzinski et al. 2010a,b) . In secondary analyses, AMNART and education were added as covariates to assess the influence of these factors on regional thickness and NAA measures. Significant MANCOVAs (P < 0.05) were followed-up with univariate tests and pairwise t-tests comparing Controls, non-smoking ALC and smoking ALC. Given the significantly higher lifetime average drinks per month in smoking ALC compared to non-smoking ALC (see Table 1 ), all pairwise comparisons among these groups for thickness and NAA measures were controlled for lifetime average drinks per month. Although smoking and nonsmoking ALC did not significantly differ on the frequency of medical, psychiatric and substance abuse co-morbidities, in secondary analyses, pairwise comparisons between smoking and non-smoking ALC were controlled for these co-morbidities to determine if they mediated the group differences. Alpha level for pairwise t-tests for cortical thickness measures was adjusted for multiple comparisons according to the seven thickness measures and the average intercorrelations among these measures for all groups combined (r=0.73) (Sankoh, Huque & Dubey 1997) . The adjusted alpha level for these pairwise t-tests was P ≤ 0.029. For NAA measures, alpha level for pairwise t-tests was adjusted for multiple comparisons according to the eight NAA measures and the average intercorrelations among these measures for all groups combined (r = 0.62). The adjusted alpha level for these pairwise t-tests was P ≤ 0.024. Effect sizes for pairwise comparisons were calculated via Cohen's d (Cohen 1988) . Groups were compared on ICV with a separate univariate analysis as this measure may reflect the influence of potential pre-morbid factors on brain function in those with AUD (Schottenbauer et al. 2007) . Associations between outcome measures, alcohol and cigarette consumption in the ALC group were examined with Spearman's rho. Associations between cortical thickness and NAA levels in the ACC, DLPFC, insula and total frontal cortex (regions where both thickness and NAA levels were measured) were evaluated with partial correlations controlling for GM content of the 1 H MRSI voxels for each region.
RESULTS
Demographic, alcohol and cigarette consumption variables
Controls were significantly younger (P = 0.016) than non-smoking ALC and had a greater number of years of formal education (P < 0.001) than both smoking and non-smoking ALC. Non-smoking ALC had significantly higher body mass index than Controls and smoking ALC (P = 0.01). Smoking ALC had higher average drinks per month over 8 years prior to enrollment and over lifetime than non-smoking ALC (both P < 0.007; see Table 1 ). Among the 33 non-smoking ALC, 29 reported no history of smoking or smoked less than 20 cigarettes over lifetime. Four non-smoking ALC reported a previous history of chronic smoking, and all had quit more than 8 years prior to enrollment. There were no significant differences in the above demographic variables between the cortical thickness sample and the smaller sample with NAA data.
Co-morbid psychiatric, medical and substance use disorders
Non-smoking and smoking ALC were equivalent on BDI and STAI scores and on the frequency of medical conditions (primarily hypertension and hepatitis C), co-morbid psychiatric conditions (primarily major depression and substance-induced mood disorder with depressive features) and substance use disorders (see Table 1 ). Approximately 25% of participants diagnosed with a unipolar mood disorder took an antidepressant medication, and approximately 55% of hypertensive participants took antihypertensive medications. There were no differences between smoking and non-smoking ALC in frequency of use of these medications.
Group comparisons on regional thickness measures and ICV
The omnibus MANCOVA indicated significant group differences on thickness measures [F (12, 208) = 3.62, P < 0.001]. Univariate tests were significant for the DLPFC, insula, OFC, total BRS, total frontal cortex and global cortical thickness (all P < 0.001), but not the ACC. There were no group differences on ICV. Pairwise comparisons (see Table 2 ) indicated that both smoking ALC and non-smoking ALC demonstrated significantly decreased thickness across all measures compared with Controls, except for the ACC, which was thinner only in smoking ALC. Smoking ALC had significantly thinner cortex than non-smoking ALC in the ACC, insula, total BRS and total frontal cortex, with a trend for thinner OFC cortex (P = 0.05). AMNART, education, alcohol consumption variables, medical, psychiatric and substance abuse co-morbidities were not significant predictors of thickness measures in tests specifically comparing smoking and non-smoking ALC, and did not mediate the thickness differences between these groups. To control for different amounts of tissue contained in each of the ROI that comprised the total BRS, total frontal cortex and global cortex, the average thickness for each individual region was scaled to its surface area. Analyses were repeated for the surface area-scaled measures and yielded identical results to those reported above.
Group comparisons on regional NAA measures
The omnibus MANCOVA indicated groups were significantly different on NAA concentrations [F (10, 160) = 2.55, P < 0.001]. Univariate tests were significant for the DLPFC, insula, vermis, SCR and total BRS, while ACC, total frontal cortex and global cortical NAA levels did not differ significantly between groups. Pairwise comparisons (see Table 3 ) indicated that smoking ALC had lower NAA concentrations than both nonsmoking ALC and Controls in the DLPFC, insula, SCR and total BRS. Smoking ALC showed lower NAA than non-smoking ALC in the cerebellar vermis. Non-smoking ALC and Controls were not significantly different on any regional or global NAA measure. AMNART, education, alcohol consumption variables, medical, psychiatric and substance abuse co-morbidities were not significant predictors of NAA concentrations in pairwise tests for smoking and nonsmoking ALC, and these factors did not mediate the concentration differences between these groups.
Associations of measures of alcohol and cigarette consumption with regional thickness and NAA
After controlling for age, no drinking or smoking measure was significantly related to thickness and NAA measures from any of the BRS regions or from the larger composite regions.
Associations between regional thickness and NAA
In the combined ALC group (i.e. non-smoking + smoking ALC; n = 60), the following relationships were observed between cortical thickness and NAA concentrations (partial correlations controlling for GM contribution to NAA voxels): ACC, r = 0.34, P = 0.049; insula, r = 0.35, P = 0.047; DLPFC, r = 0.15, P = 0.42; total frontal GM, r = 0.22, P = 0.35.There were no significant associations in the corresponding measures for Controls (n = 30).
DISCUSSION
The findings for cortical thickness and NAA concentration measures provide convergent and complementary information on the neurobiological consequences of chronic smoking in this treatment-seeking alcohol-dependent cohort. Both smoking and non-smoking ALC demonstrated significantly thinner cortex than Controls across all regions examined except the ACC. Overall, a stair-step pattern was apparent with smoking ALC demonstrating significantly thinner cortices than non-smoking ALC, who had thinner cortices than Controls (see Fig. 1 for general pattern) . Cortical thickness differences between smoking and non-smoking ALC were observed in the ACC, insula, total BRS and total frontal cortex, but not for the global cortex. The magnitude of cortical thickness differences between smoking and nonsmoking ALC in the total BRS and total frontal lobe were identical, suggesting that the effects of smoking on cortical thickness were not specific to the BRS but generally apparent across the entire frontal GM (see Table 2 ). With respect to NAA concentrations, smoking ALC had lower NAA concentrations than both non-smoking ALC and Controls in the DLPFC, insula, SCR and total BRS. Controls and non-smoking ALC were not significantly different on any regional NAA level. Contrary to the pattern of results for thickness, the lower NAA concentrations in smoking ALC relative to both non-smoking ALC and Controls were significant only in components of the BRS (DLPFC, insula, vermis, SCR), but not in the total frontal or global cerebral cortex (see Fig. 2 for general pattern), suggesting BRS specific neuronal abnormalities in anterior BRS regions. AMNART, education, alcohol consumption measures, medical and psychiatric co-morbidities did not mediate the significant differences between smoking and non-smoking ALC on regional cortical thickness and NAA concentration. ROIs showed no significant left versus right hemisphere differences within groups for thickness or NAA levels.
Chronic smoking in this alcohol-dependent cohort was associated with significantly thinner cortex primarily in frontal/BRS brain regions rather than a generalized pattern of thinning across the entire cerebral cortex. The thinner regional and global cortex demonstrated by this ALC cohort (i.e. smoking and non-smoking ALC combined) at approximately 1 week of abstinence is congruent with our recent morphometric study (Durazzo et al. 2011 ) and suggests cortical thickness may serve as a surrogate marker of increased risk for the development of AUD, particularly since cortical volume, surface area and thickness phenotypes may have independent genetic contributions (see Winkler et al. 2010) . The moderately strong associations in the ALC cohort between cortical thickness and NAA concentrations in the ACC and insula suggest that cortical thickness measures may also reflect the integrity of tissue in these regions. In our earlier volumetric work (Gazdzinski et al. 2005b) , we found no significant differences between smoking and non-smoking ALC in total frontal cortical volume. This disparity may be related to the smaller sample size in our previous volumetric study or, given that brain volumes are a function of thickness and surface area, cortical thickness measures may be more sensitive to the effects of AUD and chronic smoking. The overall pattern of the results in smoking ALC of this study is consistent with previous neuroimaging results from non-alcohol/substance-dependent cohorts that found chronic smoking-associated structural abnormalities in the anterior frontal GM and WM by voxel-based morphometry methods and standard volumetric measures (Brody et al. 2004; Gallinat et al. 2006; Kuhn, Schubert & Gallinat 2010; Zhang et al. 2011 ).
The NAA concentration findings for the total frontal cortex were consistent with an earlier study in a smaller cohort (Durazzo et al. 2004 ), where we also observed no significant differences between smoking ALC, nonsmoking ALC and Controls in cortical NAA from the entire frontal lobe. In this report, however, we extended our earlier results by describing significant NAA reductions in smoking ALC specifically in frontal BRS components (i.e. DLPFC, SCR), which are regions that are involved in inhibitory control/executive functions. The lower SCR NAA concentration in 1-week-abstinent smoking ALC in this report also parallels the findings from an earlier cohort of 1-month-abstinent ALC, in which smoking ALC showed lower NAA levels than non-smoking ALC and Controls in the SCR of the frontal WM (Wang et al. 2009 ). Nearly all individuals contributing to these earlier NAA studies were part of this larger study.
Although non-smoking ALC demonstrated significant reductions in regional and global cortical thickness compared with Controls, they were not different from Controls on NAA measures in any region. This is surprising, given the protracted history of hazardous alcohol consumption and co-morbid psychiatric and medical conditions, and suggests that the neuronal integrity of the corresponding tissue was not significantly compromised in nonsmoking ALC. The potential 'protective' factors associated with the normal regional NAA levels demonstrated by non-smoking ALC likely relate to genetic or other pre-morbid and/or co-morbid environmental factors not assessed in this phase of our research. In contrast, smoking ALC showed abnormalities in cortical thickness and NAA levels specific to multiple components of the BRS. Similar to non-smoking ALC, smoking ALC did not show widespread NAA reductions in the frontal GM or across the global cortex. This suggests that the greatest neurobiological abnormalities in chronic smokers of this cohort were localized to the extended BRS regions assessed in this study.
Substance-induced plastic changes (e.g. structural, metabolic, biochemical) in the 'bottom up' dopaminergic mesocorticolimbic projections of the BRS originating in the ventral tegmental area are indicated to be strongly involved in acute rewarding effects of alcohol/ substances and the transition from social/recreational use to mal-adaptive use/dependence (Baler & Volkow 2006; Kalivas 2008; Kalivas & O'Brien 2008; Volkow et al. 2010) . Alternately, 'late/end-stage addiction' (Kalivas & Volkow 2005) , characterized by the chronic relapse/remit cycle, is suggested to be associated with enduring, and possibly permanent, substance-induced plastic changes in the cortical and subcortical BRS regions that subserve 'top-down' inhibitory control/executive functions (Baler & Volkow 2006; Crews & Boettiger 2009; Gazzaley & D'Esposito 2007; Kalivas 2009; Volkow et al. 2010; Potenza et al. 2011) . The treatment-seeking ALC participants of this study are clearly in late/end-stage addiction. The neocortical, paralimbic and subcortical regions of the BRS, where smoking ALC exhibited greater abnormalities than non-smoking ALC, are concerned with 'top-down' inhibitory control/executive functions. These BRS regions subserve complex functions such as anticipation of future consequences, decision-making, problemsolving, abstraction, set-shifting, working memory, impulse control, regulation of mood and affect, evaluation and anticipation of stimulus salience and hedonic valence (Cummings 1998; Baler& Volkow 2006; Fellows 2007; Paulus 2007; Sinha & Li 2007; Redish, Jensen & Johnson 2008; Rolls & Grabenhorst 2008; Crews & Boettiger 2009 ). The greater neurobiological abnormalities observed in these regions of smoking ALC may underlie the significantly inferior neurocognitive performance observed in these individuals compared with their non-smoking counterparts in early recovery . However, the lack of associations of either cortical thickness or NAA measures with alcohol and cigarette consumption variables and other co-morbid conditions in this study may indicate that the patterns demonstrated by both non-smoking and smoking ALC were apparent prior to the onset of smoking and/or hazardous drinking (Fineberg et al. 2010; Tessner & Hill 2010) . If the observed thickness abnormalities in this cohort are indeed premorbid, then cortical thickness abnormalities may serve as a risk factor for the development of AUD. It is also possible that the patterns evidenced by the alcohol-dependent cohorts are a function of concurrent environmental factors and other co-morbid conditions not assessed in this study Durazzo et al. 2011) . For discussion of potential biological mechanisms associated with the greater abnormalities in regional cortical thickness and neuronal integrity in smoking ALC, see and Durazzo et al. (2010b) .
This study has limitations that may influence the genseralizability of the findings. The limited number of females in the study cohorts did not permit assessment of potential effects of sex on the outcome measures. There was not a one-to-one correspondence of participants in each of the neuroimaging modalities and of regions comprising the BRS for thickness and NAA concentration measures. Also, given the nominal resolution of our 1 H MRSI sequence (approximately 1 ml), the 1 H MRSI ROIs likely include a somewhat larger amount of GM tissue than cortical ROIs defined through Freesurfer anatomical parcellation.
Results from this dual modality MR study indicated that, relative to non-smoking ALC, smoking ALC demonstrated greater thinning in the frontal cortex and components of the BRS, as well as compromised neuronal integrity in the BRS. The overall pattern suggests that chronic smoking in this alcohol-dependent cohort is associated with neurobiological abnormalities in anterior brain regions that are implicated in the development and maintenance of all addictive disorders, and that smoking contributes to the significant heterogeneity observed in the scope and magnitude of neurobiological abnormalities in AUD. The current findings reinforce our previous work indicating consideration of smoking status and other prevalent co-morbid conditions in AUD is critical to fully understand how this clinical syndrome impacts brain neurobiology and function. Longitudinal research clearly is necessary to identify pre-morbid and co-morbid factors that may have influenced these findings, as well as to determine if the abnormalities demonstrated by smoking ALC at entry into treatment recover with abstinence from alcohol and smoking cessation. Cigarette smoking is a modifiable health risk that is directly associated with at least 440 000 annual deaths in the United States alone and 10 million deaths worldwide, with greater mortality among those with alcohol and substance use disorders (see Durazzo & Meyerhoff 2007 for review) . A growing clinical movement offers smoking cessation programs to all smokers seeking treatment for alcohol/substance used disorders. Data from this report and our other neurocognitive and neuroimaging studies, combined with reports of high mortality associated with cigarette smoking in AUD (Hurt et al. 1996) , lend strong support to this prowellness clinical practice. Total BRS cortical thickness. BRS =brain reward system; nsALC = non-smoking alcoholdependent participants; sALC = smoking alcohol-dependent participants; nsLD = nonsmoking, light drinking controls Total BRS NAA concentration. BRS=brain reward system; i.u. = institutional units; NAA = N-acetylaspartate; nsALC = non-smoking alcohol-dependent participants; sALC = smoking alcohol-dependent participants; nsLD = non-smoking, light drinking controls Table 1 Group demographics, alcohol and cigarette use histories, self-report questionnaires and co-morbidity frequency. Mean (SD).
Measure
Controls (n = 42) nsALC (n = 33) sALC (n = 43) Cortical thickness measures (mm) and intracranial volume (mm 3
). Mean (SD). b sALC < nsALC, P ≤ 0.024. ACC = anterior cingulate cortex; BRS = brain reward system; CON = Control; DLPFC = dorsolateral prefrontal cortex; nsALC = non-smoking alcohol-dependent participant; OFC = orbitofrontal cortex; sALC = smoking alcohol-dependent participant; SCR = superior corona radiata.
